A novel method for the production of gold micrometer-sized particles from secondary sources is presented. The method consists of the leaching of gold using dimethyl sulfoxide (DMSO, (CH 3 ) 2 SO) solutions containing copper chloride (CuCl 2 ) followed by the precipitation of gold with hydrochloric acid (HCl). Gold was dissolved in a DMSO solution with 0.10.2 M CuCl 2 and 00.3 M sodium chloride (NaCl) at 343 K. The precipitation of dissolved gold was performed by the addition of HCl, during which the effects of the concentration of the Cl ¹ ion was investigated. It was found that the initial gold dissolution rate in DMSO solutions with CuCl 2 was up to 14.8 mg cm ¹2 h ¹1 , which was larger than the rates obtained with other leaching methods, but smaller than the author's previous research using copper bromide (CuBr 2 ) and potassium bromide (KBr). A gold recovery efficiency of up to 92.6% was obtained by precipitation with HCl solution. We obtained "raspberrylike" or "confeito-like" gold microspheres under the condition of less than 1.5 M of Cl ¹ ion and over 0.013 M of dissolved gold. Our results demonstrated that a circulating system for gold leaching and recovery and production of functional material could be developed, which would offer a number of advantages, including eco-friendliness, easy operation, low costs, and minimization of chemical sludge production.
Introduction
The recovery of gold (Au) from secondary sources such as waste electric and electronic equipment (WEEE) has received much attention because of the many industrial applications and high market prices of the precious metal. 1) Among the several ways of recycling, hydrometallurgy is the most widespread technology. Aqua regia, halides, cyanide solutions, etc. are commonly used in commercial hydrometallurgical processes; however, restrictions on waste disposal, safety concerns, and stringent environmental regulations have motivated the further development of economically viable technologies that pose fewer health risks and are more ecofriendly. 2) Considering these challenges, the authors have presented a novel method for recovering gold: the leaching of gold by dimethyl sulfoxide (DMSO, (CH 3 ) 2 SO) solutions containing copper bromide (CuBr 2 ) followed by the precipitation of gold with water.
3) DMSO has a number of advantages for solvent use, including the ability to dissolve many inorganic salts, low toxicity, low vapor pressure at ambient temperature and resistance to oxidation and reduction. 3) In addition, the recovery of gold by precipitation with water enables the leaching solvent to be reused by separating the water by distillation after the precipitation. Therefore, it is possible to develop a circulating system for gold leaching and recovery that would offer a number of advantages, including ecofriendliness, easy operation, low costs, and minimization of chemical sludge production. 3, 4) Our proposed process is categorized as a liquid-phase reduction method, which is one of the easiest procedures among various methods for synthesizing nanometer-and micrometer-size particles, as particles can be directly obtained from various precursor compounds soluble in a specific solvent. 5) In the recent past, considerable attention has been paid to morphological control of metallic nanoparticles because of their unusual electronic, optical, magnetic, thermal, and catalytic properties, and numerous techniques have been developed to generate metal particles.
68) For instance, Wang et al. proposed a simple and efficient strategy for the one-step synthesis of various gold architectures with branched shapes resembling flowers, cauliflowers, raspberries, urchins and confeito. 7) The shapes or sizes of these nanoparticles can be controlled by the reducing condition. Although much progress has been achieved in the synthesis of gold crystals at the nanoscale, there has only been limited success in the synthesis of gold particles of micrometer size despite the fact that these colloidal gold particles may also find important applications in catalysis, sensing, surface-enhanced Raman spectroscopy (SERS), and photonics. 8) Li et al. proposed a preparation method for "raspberry-like" gold microspheres that have a higher active surface area than smooth ones. 8) The "raspberry-like" gold microspheres were synthesized by mixing a gold plating solution and hydrochloric acid (HCl), and the surface roughness of the gold sphere was controlled by the HCl concentration.
In this paper, we present our proposed process for dissolving and recovering gold with DMSO/water containing copper halide that could be applied for the production of gold particles. In DMSO, both Cu + and Cu 2+ ion are solvated. 9) Therefore, when CuCl 2 is added in DMSO, Cu 2+ ion act as a strong oxidizing agent and is reduced to Cu + ions by oxidizing gold until equilibrium is achieved. 10) In addition, it is known that the dissolved gold form the complex with halogens.
11) Our previous papers show that the successful recovery of dissolved gold can be achieved by precipitation upon the addition of a dilute sulfuric acid (H 2 SO 4 ) aqueous solution. The precipitated substances consisted of the clustered primary particles of 50200 nm diameter, and gold particles were not obtained. 3, 4) However, we later found that micrometer-size gold particles could be obtained when an HCl aqueous solution was used for the precipitation instead of H 2 SO 4 . In this paper, we summarize our observations of © 2016 The Japan Institute of Metals and Materials micrometer-size gold particle formation by our proposed system. First, gold dissolution experiments were conducted with DMSO solutions containing CuCl 2 and NaCl. Second, the effects of the amount and concentration of HCl on the shape and size of the precipitated gold particles were investigated.
Materials and Methods

Materials
Gold wire (99.95%, 0.2 mm diameter) was purchased from Nilaco Corporation, Tokyo, Japan. NaCl (99%), DMSO (99%) and HCl (3537%) were purchased from Kanto Chemical Co. Inc., Tokyo, Japan. Tetrabutylammonium perchlorate (98%) was purchased from Tokyo Chemical Industry Co. Ltd., Tokyo, Japan. CuCl 2 (98%) was purchased from Sigma-Aldrich Japan K. K., Tokyo, Japan.
Methods 2.2.1 Gold dissolution experiments
An amount of 12 mmol each of CuCl 2 and NaCl was dissolved in 10 mL of DMSO in a conical flask and maintained at 343 K. Next, 197 mg (1.0 mmol) of gold (99.95%) wire (0.2 mm diameter, 333 mm long) was placed in the solvent for dissolution on a shaking apparatus. The remaining gold wire was removed from the apparatus at various time intervals (12 h), so that its weight could be measured and the amount of dissolved gold calculated.
Gold precipitation experiments
After the dissolution of gold in 10 mL DMSO with 2.0 mmol of CuCl 2 and NaCl, 540 mL of HCl (2.0 M) was added to the solution at ambient temperature. HCl was used to keep the pH below 4 to avoid the precipitation of copper (Cu). 4) HCl (2.0 M) containing NaCl (1.02.0 M) was also used to evaluate the effect of Cl ¹ ion concentration. After approximately 24 h, the precipitated substances were filtered and dried at 383 K, and their weights were measured. In some experiments, the precipitation finished in 1 to 30 minutes. The substances were studied using a FE-SEM (Hitachi S4200) in both secondary electron (working distance above 15 mm, accelerating voltage between 5 and 20 kV) and backscattered electron (BSE, 20 kV) imaging modes, in conjunction with energy-dispersive spectroscopy (EDS) point analysis to determine the qualitative and quantitative elemental compositions.
The diameter distributions of some samples were analyzed by a laser diffraction particle size analyzer (Shimadzu SALD-2300).
Results and Discussion
Leaching by DMSO with CuCl 2 and NaCl
Gold was dissolved in 0.10.2 M CuCl 2 and 00.2 M NaCl at 343 K. Figure 1 shows the amount of dissolved gold (mmol/L) with time at 343 K. When 0.1 and 0.2 M CuCl 2 were used without NaCl addition, the initial dissolution rate of gold was 8.90 and 14.8 mg cm ¹2 h
¹1
, respectively, which is relatively large compared with the rates obtained in the previous investigations, 12, 13) but small compared with rates obtained in our previous research using CuBr 2 .
4) The dissolution rate and the maximum amount of dissolved gold were enhanced with the addition of NaCl to the solution.
The gold dissolution reached equilibrium in approximately 211 h, depending on the concentrations of CuCl 2 and NaCl. In all cases, the initial dissolution rates and the maximum amounts of dissolved gold were smaller than in our previous research using CuBr 2 .
4)
It was expected that the dissolution of gold in DMSO containing CuCl 2 would occur via the following anodic electrochemical half reactions.
11)
Au ðsÞ þ 4Cl
Au ðsÞ þ 2Cl
In DMSO, 
Thus, the following overall reactions can be obtained:
Au
The decrease in the dissolution rates and the maximum amounts of dissolved gold could be attributed to the softness of anion and cation in each solvent, known as the hard and soft acids and bases (HSAB) theory. According to the HSAB theory, metal ions prefer ligands of the same kind (combination of soft and soft or hard and hard) to those of different kinds (combination of soft and hard) when forming coordinated bonds. ing dissolved gold, the precipitation proceeded by the reverse reaction of (5) or (6). This precipitation was instantly observed and processed gradually. Table 1 summarizes the results of the gold precipitation experiments, including the weight of the dissolved gold by the solution with 0.2 M CuCl 2 and NaCl, the amount of 2.0 M HCl solution added to the solution, the total weight of precipitated substances and the recovery efficiency. About 90% of dissolved gold was recovered with addition of HCl solution over 5 mL. Figure 2 shows the shapes of the precipitated particles sorted by the dissolution condition. These particles were precipitated with 10 mL HCl solution (2.0 M), and the concentration of the Cl ¹ ion in the mixture of DMSO and HCl was within the range of 1.01.5 M. The spherical particles were obtained at low concentration of dissolved gold ( Fig. 2(a) , gold concentration 0.7 © 10 ¹2 M), and raspberry-and confeito-like particles were obtained when the gold concentration was over 0.01 M (Fig. 2(b) and (c), gold concentration 1.32.9 © 10 ¹2 M). The ratio of raspberry-and confeito-like particles increased with the increase in gold concentration, and finally all the particles became raspberry-and/or confeito-like (Fig. 2(d) , gold concentration 4.2 © 10 ¹2 M). Figure 3 shows the shapes of precipitated particles sorted by the precipitation condition, and all the particles are spherical. These particles were precipitated with the 10 mL HCl solution with a higher concentration of the Cl ¹ ion (3.0 6.0 M), and the gold concentration was about 3.0 © 10 ¹2 M. The effect of the precipitation condition on the surface roughness was confirmed in the previous investigation; 8) in the present work, the effect of the concentration of dissolved gold was also confirmed.
The contents of all the particles were analyzed by EDS, and gold was detected with no other elements. These results suggested that the precipitation of other elements was avoided and that only gold was selectively precipitated by using an HCl solution with pH of about 0. Figure 4 shows the change in the size of precipitated particles with time, 1.0, 5.0 and 30 min. The recovery efficiencies were 51.6%, 89.6% and 97.1%, respectively. The diameters of particles (a) were about 1 µm, and those of (b) were between 25 µm. The diameters of particles (c) were about 57 µm, which were almost the same as those shown in Fig. 2(d), i. e. 24 h. Therefore, it is likely that the reduction of dissolved gold started with the nucleation, and the particles kept growing until all of the dissolved gold was precipitated. Figure 5 shows the categorization of particle shapes sorted by the dissolution and precipitation conditions. The horizontal axis is the concentration of the Cl ¹ ion in the mixture of DMSOHCl solution, and the vertical axis is the concentration of dissolved gold. From this result, raspberry-and confeito-like particles mainly formed in the area framed by broken lines in Fig. 1 (less than 1.5 M Cl ¹ ion and over 0.013 M dissolved gold). Figure 6 shows the analysis result of diameter distributions sorted by the precipitation condition. Gold was dissolved by the 10 mL DMSO solution with 0.2 M CuCl 2 and NaCl, and From this result, the effect of Cl ¹ ion concentration on the particle size distribution was not strong. Further work should be conducted to investigate the efficiency of Cl ¹ concentration for the diameter distribution.
Conclusion
In this paper, we demonstrate a new production process for micrometer-size gold particles using DMSO solution containing CuCl 2 and NaCl. This process can be used for gold recycling from secondary resources such as WEEE. In this process, we can dissolve gold easily and rapidly and obtain the raspberry-and confeito-like particles simply by adding HCl solution to the gold dissolved with the DMSO solution. An initial gold dissolution rate of up to 14.8 mg cm ¹2 h
¹1
was achieved in the DMSO solution with 0.2 M CuCl 2 at 343 K. The dissolution rate could be further improved by increasing the concentration of dissolved CuCl 2 and NaCl. A gold recovery efficiency of up to 92.6% was obtained by precipitation with HCl solution. All the particles were analyzed by EDS and only gold was detected. These results suggest that the precipitation of other elements was avoided and only gold was precipitated selectively by using low-pH water. In the previous investigation, particle roughness was controlled by the added HCl solution in the precipitation phase, 8) but in this work, we found that the concentration of dissolved gold can also influence the roughness. We can control the particle shape, whether spherical, raspberry-, or confeito-like by the concentrations of dissolved gold and Cl ¹ ion in the mixture of DMSO and HCl.
Through this work, we confirmed that the DMSO solution containing CuCl 2 and NaCl can be used for both gold micrometer-sized particles production and gold recycling. Further work should be conducted to investigate the applicability of this system to other elements and the controllability of the size or shape of the gold particles. 
